A mid-Pliocene fauna (4.2-3.1 Ma) was recently uncovered in the Zanda (Zhada) Basin in the southwestern Himalaya, at an elevation of about 4200 m above sea level. These fossil materials provide a unique window for examining the linkage among tectonic, climatic and biotic changes. Here we report the results from isotopic analyses of this fauna and of modern herbivores and waters as well as paleotemperature estimates from the Zanda Basin. The δ 13 C values of enamel samples from modern wild Tibetan asses, and domesticated horses, cows and goats in the area are −9.4 ± 1.8h, which indicate a diet comprising predominantly of C 3 plants and are consistent with the current dominance of C 3 vegetation in the region. The enamel-δ 13 C values of the fossil horses, rhinos, deer, and bovids are −9.6 ± 0.8h, indicating that these ancient mammals, like modern herbivores in the area, also fed primarily on C 3 vegetation and lived in an environment dominated by C 3 plants. The lack of significant C 4 plants in the basin suggests that the area had reached high elevations (>2.5 km) by at least the midPliocene. Taking into account the changes in the δ 13 C of atmospheric CO 2 in the past, the enamel-δ 13 C values suggest that the average modern-equivalent δ 13 C value of C 3 vegetation in the Zanda Basin in the mid-Pliocene was ∼1-2h lower than that of the C 3 biomass in the basin today. This would imply a reduction in annual precipitation by about 200-400 mm in the area since then (assuming that the modern C 3 δ 13 C-precipitation relationship applied to the past). Consistent with this inference from the δ 13 C data, the enamel-δ 18 O data show a significant shift to higher values after the mid-Pliocene, which also suggests a shift in climate to much drier conditions after ∼4-3 Ma.
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Paleo-temperature estimates derived from a fossil bone-based oxygen isotope temperature proxy as well as the carbonate clumped isotope thermometer for the mid-Pliocene Zanda Basin are higher than the present-day mean annual temperature in the area. After accounting for late Cenozoic global cooling, these paleo-temperature estimates suggest that the paleo-elevation of the Zanda Basin in the mid-Pliocene was
Introduction
The uplift of the Himalayan-Tibetan Plateau has been suggested to be a major driving mechanism of regional and global climate based on different proxies differ considerably Cyr et al., 2005; DeCelles et al., 2007; Dupont-Nivet et al., 2008; Garzione et al., 2000; Graham et al., 2005; Harrison et al., 1992; Li and Zhou, 2001, 2002; Meng et al., 2004; Murphy et al., 2009; Quade et al., 2011; Rowley and Currie, 2006; Rowley et al., 2001; Saylor et al., 2010b Saylor et al., , 2009 Spicer et al., 2003; Sun et al., 2007; Wang et al., 2006 Wang et al., , 2012 Wang et al., , 2008b Xu et al., 2012) . For example, oxygen isotope paleoaltimetry studies (based on the oxygen isotopic compositions of lake and paleosol carbonates) suggest that southern Tibet has been as high as today or higher since at least the mid-Miocene and perhaps as early as the late Eocene (Rowley and Currie, 2006; Rowley and Garzione, 2007) . In contrast, paleofloral assemblages and clay mineralogy preserved in basin-fill sediments on the Tibetan Plateau are similar to modern assemblages in warm, low elevation environments and have been used to argue for significant uplift of 1-2 km since the late Miocene (Li and Zhou, 2001, 2002; Meng et al., 2004; Sun et al., 2007; Wang et al., 2006 Wang et al., , 2012 Xu, 1981; Xu et al., 2012; Zhang et al., 1981) .
A mid-Pliocene (4.2-3.1 Ma) fauna containing a primitive woolly rhino was recently discovered in the Zanda (Zhada) Basin in western Himalaya, at an elevation of about 4200 m above sea level (Deng et al., 2011) . These fossil materials, along with abundant fossil shells found in the same basin , are archives of paleoenvironments. Specifically, carbon and oxygen isotopic compositions of fossil tooth enamel and bones contain valuable information about the diet and water isotopic composition, and paleo-temperature (Cerling et al., 1997; Kohn and Law, 2006; Wang et al., 2008a Wang et al., , 2008b Zanazzi et al., 2007) . Fossil shells on the other hand are a recorder of lake water isotopic composition and temperature, which are controlled by regional hydrology and climate.
In this study, we analyzed the carbon and oxygen isotopic compositions of 307 serial and bulk enamel samples from a diverse group of fossil and modern herbivores as well as the oxygen and hydrogen isotopic compositions of precipitation and stream waters from the Zanda Basin in the southwestern Tibetan Plateau to examine the diet and environmental changes in the area since the mid-Pliocene. We also estimated paleo-temperatures in the basin in the mid-Pliocene using two different paleo-temperature methods -the carbonate clumped isotope thermometry (Ghosh et al., 2006 ) and a fossil-based oxygen isotope temperature proxy (Kohn and Law, 2006; Zanazzi et al., 2007) . Our results provide new insights into the environmental and tectonic evolution of the area from the mid-Pliocene to the present.
Study area
The Zanda Basin (∼31 • N, ∼80 • E) is the largest Neogene sedimentary basin in the western Himalayan orogen (Saylor et al., 2010a (Saylor et al., , 2010b . It is located just north of the high Himalayan ridge crest in southwestern Tibet (Fig. 1) . The basin is ∼260 km long and ∼60 km wide, extending roughly in the NW-SE direction (Saylor et al., 2010b) . The current elevation of the basin is ∼3700-4500 m above sea level (a.s.l.). The basin is bounded by the South Tibetan Detachment System to the southwest, the Leo Pargil to the northwest, the Indus suture to the northeast and Gurla Mandhata gneiss domes to the southeast (Saylor et al., 2010b) . Its tectonic origin is uncertain although various models have been proposed (Zhou et al., 2000; Wang, 2004; Saylor et al., 2010a) .
The present-day Zanda Basin is characterized by cold and dry climatic conditions. The landscape in the area consists mostly of desert and cold steppe with grasses and short shrubs. The mean annual temperature (MAT) in the Zanda area is about 0-3 • C and the annual precipitation is ∼200 mm (Li and Zhou, 2002; Li, 2006) . Summer temperatures are about 13-14 • C, with maximum summer temperatures reaching as high as 21 • C; whereas winter temperatures can reach −41 • C (Li, 2006) . Summer monsoon rainfalls account for most of the annual precipitation and come primarily in June-August; whereas winter and spring snow storms are possibly associated with westerly winds (Li, 2006; Tian et al., 2001 Tian et al., , 2005 .
The Zanda Basin contains thick (>800 m) deposits of MioPleistocene fluvial, lacustrine, and alluvial fan sediments -the Zanda Formation (Fig. 2) , which has abundant gastropod shells, fish, and mammalian fossils. The Zanda Formation forms an angular unconformity with the underlying Tethyan strata that were previously deformed in the Himalayan fold-thrust belt (Saylor et al., 2010b) . Fossil mammals are the most abundant in the middle section where most samples were collected in this study (Wang et al., 2013) . The ages of the fossils were determined on the basis of correlation of stratigraphic positions of fossil localities with the paleomagnetic stratigraphy using fossil mammals as constraints for correlation to the Geomagnetic Polarity Time Scale (GPTS) ( Fig. 2 ; Wang et al., 2013; Saylor et al., 2009 ).
Materials and methods
We obtained 235 serial and bulk enamel samples from 74 teeth or tooth fragments from a diverse group of mid-Pliocene mammals (including horse, rhino, deer, and bovid) for stable carbon (C) and oxygen (O) isotope analyses of structural carbonate in bioapatite. In addition, we analyzed the C and O isotopic compositions of 60 bulk and serial enamel samples from 14 modern teeth from 7 Tibetan wild asses (Equus kiang), 2 domestic horses (Equus caballus), 2 domestic cows (Bos primigenius) and 3 domestic goats (Capra hircus) from the Zanda Basin. These modern teeth were extracted either from decaying carcasses or from partial skeletons of recently deceased animals found in the field. Some are individual teeth collected outside villages. Mammalian fossils were mostly collected from alluvial sediments and near-shore lacustrine/fluvial sediments. All teeth and bones were cleaned by scraping any dirt or other material off the enamel. Bulk enamel samples were taken by drilling down the tooth along the growth axis. Serial samples were collected by drilling in bands perpendicular to the growth axis. Bones were ground into powder using a mortar and pestle. The enamel and bone powders were soaked in 5% sodium hypochlorite (NaOCl) overnight to remove any possible organic contaminants, cleaned with distilled water and freeze-dried. The powder was then treated with 1 M acetic acid overnight to remove carbonate, cleaned with distilled water and freeze-dried (Wang and Deng, 2005) . The treated enamel and bone samples were reacted with anhydrous phosphoric acid at 25 • C for about 72 h and the carbon and oxygen isotopic ratios of the CO 2 produced were measured using a Gas Bench II Auto-carbonate device connected to a Finnigan MAT Delta Plus XP stable isotope ratio mass spectrometer (IRMS) at the Florida State University. Water samples were analyzed using the equilibration methods (Thermo Finnigan Operating Manual). 500 microliters (μL) of water were injected into an open vial and then a platinum catalyst rod was inserted in the vial. The vial was then sealed with a new septum. Vials containing water samples and standards were then flushed with helium containing 2% H 2 (which was used as an equilibration gas). Hydrogen isotope measurements were carried out after an equilibration time of 40 min (at 25 • C) using the Gas Bench II Auto-carbonate/water device connected to the IRMS. After the hydrogen isotope analysis was completed, the vials containing the samples and standards were flushed with He containing 0.3% CO 2 (as an equilibration gas), and the oxygen isotope ratios of the CO 2 were analyzed after an equilibration time of 24 h at 25 Selected fossil shells (freshwater snails) from lacustrine sediments were analyzed for determination of clumped isotope ( 47 ) temperatures. Fossil shells were cleaned in a weak HCl solution (<1%) in an ultrasonic bath, rinsed with DI water, and air-dried. The cleaned shells were then ground into powder. Analyses were conducted at the California Institute of Technology using methods described in Passey et al. (2010) . The samples were reacted in anhydrous H 3 PO 4 at 90 • C, and the resultant CO 2 was purified cryogenically and by passage through a Porapak-Q GC column held at −10 • C. Mass 44-49 isotopologue ratios were measured using a Thermo MAT 253 mass spectrometer, and the data were reduced using the scheme detailed in Huntington et al. (2009 ). An acid temperature correction factor of +0.081h was applied to all data to normalize values to 25 • C reactions (Ghosh et al., 2006; Passey et al., 2010) . All data are reported relative to the 'heated gas' scale (e.g., Ghosh et al., 2006; Huntington et al., 2009 ), since they were analyzed prior to conception of the 'absolute reference frame' proposed by Dennis et al. (2011) . 
Results and discussion

Carbon isotopes and diets of the mid-Pliocene fauna
Carbon isotopic composition of tooth enamel from herbivores reflects the proportion of C 3 and C 4 plants in their diet. C 3 plants, which include all trees, cool season grasses, and most shrubs, have δ 13 C values ranging from −20h to −35h, with a mean of −27h (Cerling et al., 1997; Kohn, 2010; O'Leary, 1988) . Under waterstressed conditions and/or low atmospheric partial pressure of CO 2 (pCO 2 ), C 3 plants are less depleted in 13 C and have δ 13 C values higher than the average value of −27h. Under closed canopies, C 3 plants have lower δ 13 C values (< −27h) due to the influence of soil respiration and light limitation (Cerling et al., 1997; Kohn, 2010) . C 4 plants are mostly warm climate grasses and have δ 13 C values of −9h to −17h, averaging −13h (Cerling et al., 1997; O'Leary, 1988) . Because tooth enamel is consistently enriched in 13 C by ∼14h relative to the diet due to biochemical fractionation, animals that eat C 3 vegetation typically have δ 13 C values less than −9h; animals that eat C 4 plants have δ 13 C values > −2h;
and mixed feeders that eat both fall somewhere in between these two extremes (e.g., Cerling et al., 1997) . In much of the modern Himalayan-Tibetan Plateau, which is characterized by high aridity (i.e., severe water-stressed conditions) and low atmospheric pCO 2 , the conservative "cut-off" enamel-δ 13 C value for a pure C 3 diet for modern herbivores is −8h (Wang et al., 2008a) .
The fossils recently uncovered in the Zanda Basin suggest a rich and diverse fauna in the area in the mid-Pliocene (Wang et al., 2013) . In contrast, the modern fauna on the HimalayanTibetan plateau is characterized by a low number and low diversity of mammals. The only large mammals in the area today are wild Tibetan asses (Equus kiang; in limited but unknown number), Tibetan gazelle (Procapra picticaudata), blue sheep (or bharal) (Pseudois nayaur), extremely rare Tibetan antelopes (Chiru) (Pantholops hodgsoni), and some domesticated animals such as cows, goats and yaks. The average δ 13 C value of enamel samples from modern wild Tibetan asses and domesticated herbivores (including horses, cows and goats) from the Zanda Basin is −9.4 ± 1.8h (n = 14, all means reported ±1 standard deviation σ ), which corresponds to a dietary δ 13 C value of −23.4 ± 1.8h and is within the range of a pure C 3 diet in dry ecosystems (Kohn, 2010; Wang et al., 2008a) . This indicates that modern herbivores from the Zanda Basin fed primarily on C 3 plants experiencing severe water stress, consistent with the present-day cold and arid environment in the area. The enamel-δ 13 C values for the time period of 4.2-3.1 Ma are −9.5 ± 0.8h (n = 74). The δ 13 C of atmospheric CO 2 in the mid-Pliocene was about −6.4h , which is 1.8h higher than the present-day atmospheric CO 2 δ 13 C value of −8.2h (Cuntz, 2011) . After correcting for the change in the δ 13 C of atmospheric CO 2 (1.8h) and the biochemical fractionation between enamel and diet (∼14h), the enamel-δ 13 C values of the mid-Pliocene herbivores from the Zanda Basin are equivalent to a modern dietary intake of −25.3±0.8h, well within the δ 13 C range of modern C 3 plants. This indicates that these ancient herbivores fed primarily on C 3 vegetation and lived in an environment dominated by C 3 plants (Fig. 3a) . Only a single 4.1-Ma bovid and three modern domesticated animals (a cow, a goat and a horse) yielded enamel-δ 13 C values slightly higher than −8h (Fig. 3a) , suggesting that they may have consumed a small amount of C 4 plants profiles of tooth fragments from rhinos. Each composite record represents more than 2 annual cycles. The lack of significant intra-tooth δ 13 C variations indicates that there were little or no seasonal variations in the diets of these ancient herbivores and their diets consisted exclusively of C 3 plants.
(<15% C 4 assuming end-member enamel-δ 13 C values for pure C 3 and C 4 diet are −8h and +2h, respectively).
The serial enamel isotope data from 4.2-Ma horses and rhinos reveal little or no intra-tooth δ 13 C variations in individual teeth (Fig. 4) . These serial enamel-δ 13 C data indicate a diet consisting entirely of C 3 plants throughout the time interval preserved in these teeth, confirming the inference based on the bulk enamel C isotope data (Fig. 3a) . 13 C values between modern C 3 diets (−24.0 ± 1.6h, n = 11) and modernequivalent mid-Pliocene C 3 diets (−25.4 ± 0.7h, n = 73) would decrease slightly to 1.3h (t-test, t = 4.76, d. f . = 82, M.D. = 1.3, p < 0.0001). These analyses reveal a small but significant shift to higher δ 13 C values after the mid-Pliocene, mostly likely reflecting a change in the δ 13 C composition of local biomass. The latter calculation above provides a conservative estimate of the magnitude of this C isotopic shift in C 3 diets in the basin. The observed increase of ∼1-2h in the δ 13 C of C 3 diets could be due to increased aridity and/or a change in species composition in local ecosystems caused by changes in environmental conditions.
It is well documented that C 3 plants become less depleted in the heavy C isotope 13 C relative to contemporary atmospheric CO 2 under water-stressed conditions (e.g., Farquhar et al., 1989; Kohn, 2010; Wang et al., 2008a) . A recent analysis of a global 18 O data as discussed below and the fauna evidence (i.e., a rich and diverse Pliocene fauna vs. the rare and low diversity modern fauna) (Wang et al., 2013 from modern herbivores in the Zanda Basin are −8.7 ± 1.7h (n = 14), ranging from −7.3h to −12.8h (Fig. 3b) (Iacumin et al., 1996) and the relationship between the VSMOW and VPDB reference scales (Friedman and O'Neil, 1977) :
In the Himalayan-Tibetan Plateau, Wang et al. (2008b) (Fig. 5a ). Ponds and lakes in the Tibetan region are significantly enriched in 18 O relative to local meteoric water due to high evaporation which preferentially removes light isotope 16 O from water (Gonfiantini, 1986; Wang et al., 2008a that all fall within the isotopic range of modern precipitation in the basin and plot directly on the Global Meteoric Water Line (GMWL) as shown in Fig. 5a . This indicates that these stream waters were derived from local precipitation and had experienced little evaporation. The one exception is a stream water sample (JQ-81) from Saylor et al. (2009) ; it had higher δ 18 O and δD values and plotted below the GMWL in Fig. 5a , indicating that it was significantly affected by evaporation (Gonfiantini, 1986; Wang et al., 2008a varied from −6.2 to −22.06h and are strongly negatively correlated with the precipitation amounts with an "amount effect" of 9.54h/100 mm (r = −0.84951).
The estimated modern water-δ 18 O values (based on enamel-δ 18 O c values of Equus, cow and goat) are −10.9 ± 1.9h, ranging from −15.5 to −9.4h (Fig. 3c) , which are within the measured δ 18 O range of rain (and stream) waters in the Zanda Basin (Fig. 5) There is a strong positive correlation between precipitation δ 18 O and air temperature at mid to high latitudes (Dansgaard, 1964; Rozanski et al., 1993) , but this correlation is non-existent in the Asian monsoon region (Johnson and Ingram, 2004; Vuille et al., 2005) . The present-day Zanda Basin is within the Indian Monsoon regime where the southwest Asian monsoon (i.e., the Indian Monsoon) provides summer precipitation in June to August. In the Asian summer monsoon region, summer precipitation has lower δ
18 O values than winter precipitation, primarily due to the "amount effect" (Dansgaard, 1964; Johnson and Ingram, 2004; Wang et al., 2008a) . The precipitation amount in the summer monsoon region is mainly controlled by the monsoon intensity (Johnson and Ingram, 2004; Vuille et al., 2005) . If similar effects controlled the isotopic composition of precipitation in the Pliocene, the lower paleo-water δ
18 O values in the mid-Pliocene would indicate a wetter climate or stronger summer monsoon 4.2-3.1 Ma than today, which is consistent with the inference from the δ 13 C data (see previous section) and also the pollen and invertebrate fossil evidence (Bradley et al., 2006; Li and Zhou, 2001; Zhu et al., 2007) .
Temperature reconstruction of mid-Pliocene Zanda Basin
We use two different approaches to provide independent estimates of paleo-temperatures in the mid-Pliocene in the Zanda Basin.
First, we used a fossil-based O isotope temperature proxy (Kohn and Law, 2006; Zanazzi et al., 2007) . The premise of this approach is that the δ 18 O of fossil bone carbonate is reset completely on time scales of tens of thousands of years during early diagenesis in soil, comparable to paleosol carbonate (Kohn and Law, 2006) , whereas the δ 18 O of enamel records the δ 18 O of local water which is assumed to be the same as that of soil water (Kohn and Cerling, 2002; Kohn and Law, 2006; Levin et al., 2006; Wang et al., 2008a (Kohn and Law, 2006; Zanazzi et al., 2007) .
Using this method, we calculated the paleo-temperatures for the mid-Pliocene Zanda Basin (Table 1 ) from the estimated local water δ 18 O values (Fig. 3c) , the apparent enrichment factor (∼2.2h) between bone carbonate (i.e., francolite) and soil carbonate (calcite) (Kohn and Law, 2006) , and the δ
18 O values of fossil bone carbonates (from the same time intervals) using the general oxygen isotope fractionation factor and temperature equation (Kim and O'Neil, 1997) . The calculated paleo-temperatures at ∼4.2-3.4 Ma in the Zanda Basin are 15 ± 7 • C, which is about 12-15 • C higher than the present-day MAT but similar to the present-day summer temperatures in the basin (Li, 2006) . The uncertainty in the paleo-temperature estimate accounts for the uncertainty in the δ 18 O variability of fossil bone carbonates. Recent studies suggest that soil/paleosol carbonates do not record the MAT but the warm Table 1 Temperatures estimated using fossil-based oxygen isotope proxy (Kohn and Law, 2006; Zanazzi et al., 2007 Kohn and Cerling (2002) (Fig. 3c) . b Temperatures were calculated using the oxygen isotope fractionation factor and temperature equation of Kim and O'Neil (1997). season temperatures (Breecker et al., 2009; Passey et al., 2010; Quade et al., 2011 Quade et al., , 2013 . Thus, the temperatures estimated from the fossil bone carbonates may be biased toward the warm season. Alternatively, if the isotopic compositions of the bones are not completely reset during early diagenesis, the bone-based paleotemperature estimates would give artificially high values, in the direction of mammalian body temperature of ∼37 • C.
Second, we determined carbonate clumped isotope paleotemperatures from Pliocene fossil shells. Carbonate clumped isotope thermometry is based on the thermodynamic preference of rare isotopes of carbon ( 13 C) and oxygen ( 18 O) to bond or "clump" with each other ( 13 C-18 O) in carbonate-containing minerals (Ghosh et al., 2006) . Unlike the conventional O isotope thermometer, clumped isotope ( 47 ) thermometry does not require knowledge or assumptions about the O isotope composition of the water from which a mineral was formed (Ghosh et al., 2006) . The dependence of carbonate 47 value on formation temperature allows reconstruction of formation temperatures of carbonate minerals and the δ 18 O value of water in which the shells grew (Eiler, 2007; Ghosh et al., 2006; Passey et al., 2010) . The lacustrine strata in the Zanda Basin contain abundant fossil shells of several extinct freshwater snails (Han et al., 2012) . We determined clumped isotope compositions ( 47 ) of four midPliocene fossil shells ( Table 2 ). The shells analyzed represent two extinct species: Veletinopsis spiralis Yu (belonging to the Lymnaeidae family) and Radix zandaensis sp. nov. (in the Physidae family) (Supplementary Fig. 1 ). Both species are thought to have lived in a shallow littoral lake environment in a warm and wet climate (Han et al., 2012) . There are significant discrepancies between existing calibration equations used to derive temperatures from measured ing a new marine shell calibration (Henkes et al., 2013) (Table 2) . Although the fossil snails analyzed are all extinct, their modern relatives are widespread in south China (Han et al., 2012) , and Radix sp. are also found in freshwater and oligohaline to mesohaline lakes on the present-day Himalayan-Tibetan Plateau (Taft et al., 2012) . The life span of modern Radix snails in Tibet is approximately one year; they either remain active under ice cover or move from the shallow littoral area to deeper water during winter months (Taft et al., 2013) . Their shells continue to grow but at much slower rates in the winter, recording sub-seasonal variations in their environmental conditions (Taft et al., 2012 (Taft et al., , 2013 . If the extinct snails had a similar life cycle as their modern relatives, temperatures derived from their shells would be biased towards the warmer seasons when water temperatures are above 0 • C. Seasonal bias is also seen in terrestrial gastropods and marine bivalves from temperate settings (Henkes et al., 2013; Zaarur et al., 2011) . In this context, the essentially freezing mean temperature given by the Henkes et al. (2013) calibration (−0.7 ± 4.2 • C) seems unreasonable. The temperatures derived from the inorganic calibration (Ghosh et al., 2006) are very similar to the present-day summer temperatures in the area and also close to the temperature estimates based on the O isotopic compositions of fossil bones and enamel as discussed above. The temperatures calculated using the otolith and marine shell calibration (Came et al., 2007; Ghosh et al., 2006) are ∼2 • C lower than those derived from the inorganic calibration and fall in between the present MAT (0-3 • C) and summer temperature (∼13-14 • C). The inconsistencies among the 47 -based temperatures (and water-δ 18 O values) derived from different calibrations are being further investigated, and may relate to analytical differences, or real differences in 'vital' effects. We note that there are no existing calibrations for freshwater mollusks similar to those studied here, and in further discussion we consider only the temperatures calculated using calibrations from the Ghosh et al. (2006) and Came et al. (2007) data, which yielded an average temperature of 12 ± 3 • C for the mid-Pliocene Zanda
Basin. The water-δ 18 O values calculated from the temperatures derived from inorganic calibration (Ghosh et al., 2006) and the otolith and marine shell calibration (Came et al., 2007; Ghosh et al., 2006) are −4.4 ± 0.4h and −4.9 ± 0.4h, respectively ( Gonfiantini, 1986; Wang et al., 2008b) . Although there are no lakes in the Zanda Basin today for direct comparison, the estimated paleo-lake water δ
18 O values are comparable to those of freshwater (or low salinity) lakes in the region (Supplementary Table 1 ).
Paleo-elevation implications
Previous studies on the fossil floral and faunal assemblages found in the Zanda Formation suggest warmer and more humid climates and by inference lower elevation environments in the Pliocene Zanda Basin than today (Han et al., 2012; Li and Zhou, 2001, 2002; Zhu et al., 2007; 2004) , although long-distance transport of pollen may bias pollen assemblages toward compositions in surrounding regions (Song et al., 2010) . More recent studies (Murphy et al., 2009; Saylor et al., 2009) , based on the δ 18 O values of fossil shells, suggest that the Zanda Basin stood as high as, and possibly up to 1.5 km higher than today, and that the environment in the basin has been as arid as today since at least 9 Ma, which is in stark contrast to the inference from the fossil evidence (Li and Zhou, 2001, 2002; Zhu et al., 2007 Zhu et al., , 2004 .
Using the present-day atmospheric lapse rate of −6.5 • C/km, an 
±0.7
Values are reported relative to the 'heated gas' scale (Ghosh et al., 2006; Huntington et al., 2009 elevation change of 1.5 km would be equivalent to a temperature change of ∼10 • C. That is, if the Zanda Basin was indeed 1.5 km higher in the Mio-Pliocene than today (Murphy et al., 2009; Saylor et al., 2009) , its MAT in the Mio-Pliocene would be about −10 • C (i.e., ∼10 • C lower than today) assuming no significant change in global temperature since the Mio-Pliocene. Such low MAT seems unlikely given the abundance and diversity of fossil mammals, fish and shells found in the late Miocene-Pliocene strata and the existence of warm climate C 4 grasses in the basin as revealed by C isotope analysis of fossil plant material (Saylor et al., 2010b . Furthermore, an increase of 1.5 km would elevate much of the paleo-Zanda Basin above 5500 m a.s.l., an elevation at which few modern vegetation can survive (Schaller, 1998) . Our enamel C isotope data show that C 4 grasses were not a significant component of herbivores' diets and local ecosystems in the mid-Pliocene Zanda Basin and that the biomass in the area has been dominated by C 3 vegetation since ∼4.2 Ma. In the modern ecosystems, C 4 grasses are mostly confined to low altitudes: < 2500 m in mid latitudes and < 3000 m in the tropics (Boutton et al., 1980; Edwards et al., 2010; Hofstra et al., 1972; Li et al., 2009; Tieszen et al., 1979) . Although C 4 grasses have been found in the warmest months in southern Tibet, they account for negligible amounts of the biomass (Li et al., 2009; Lu et al., 2004; Wang et al., 2008a) . The lack of significant C 4 biomass in the Zanda Basin at 4.2-3.1 Ma suggests that the elevation of the basin was at least higher than 2500 m a.s.l. in the mid-Pliocene.
We estimated the paleo-temperatures for mid-Pliocene Zanda Basin using two independent methods (see previous section). The paleo-temperature estimates derived from the fossil-based O isotope temperature proxy are 15 ± 7 • C, whereas the paleotemperatures determined from the "clumped" isotope ( 47 ) analysis are 12 ± 3 • C. These temperatures are significantly higher than the present-day MAT of ∼0-3 • C in the area. Marine paleotemperature records suggest that the ocean temperatures in the Pliocene warm period (5-3 Ma) were about 2-3 • C higher than today (Lear et al., 2000; Ravelo et al., 2004) . Temperature change at high elevations is likely larger than at sea level (Bradley et al., 2006) . If we assume that late Cenozoic global cooling has resulted in a temperature drop of 5 • C (about twice that at sea level) in the Zanda Basin since ∼4-3 Ma and the temperatures derived from "clumped" isotope ( 47 ) analyses of shells most closely approximate the MAT, the estimated local temperature change (6 ± 3 • C) in the basin would suggest an elevation change of 923 ± 462 m since the mid-Pliocene using the presentday atmospheric temperature lapse rate of −6.5 • C/km. In other words, the paleo-elevation of the Zanda Basin at 4-3 Ma was ∼3277 ± 462 m a.s.l. close to its present-day elevation (∼4200 m a.s.l.). However, in the case that shell growth was biased towards the warm seasons (when water temperatures are above 0 • C) as discussed in the previous section, the actual difference in MAT between now and the mid-Pliocene would be smaller than computed above, and hence the elevation difference would also be smaller. Similarly, if we assume that the paleo-temperatures derived from the fossil-based O isotope proxy approximate the MAT and the local temperature change due to global cooling was 5 • C, the estimated temperature change (∼9 • C) would correspond to an elevation change of 1385 ± 1077 m, implying that the paleoelevation of the mid-Pliocene Zanda Basin was 2815 ± 1077 m.
However, as discussed in the previous section, the temperatures derived from the fossil-based O isotope proxy are likely biased toward the warm season temperatures. Assuming warm season air temperatures were about 6 • C higher than the MAT as suggested by the long-term modern climate records in Lhasa, the estimated change of local MAT would be ∼4 • C since the mid-Pliocene after accounting for local temperature change due to global cooling, which is equivalent to an elevation change of 615 ± 1077 m and implies a paleo-elevation of ∼3585 ± 1077 m a.s.l. for the midPliocene Zanda Basin, slightly lower than the present-day elevation of the basin. Despite large uncertainties, elevation estimates derived from two different temperature proxies all suggest that the paleo-elevation of the Zanda Basin in the mid-Pliocene was similar to its present-day elevation, which is consistent with the C isotope data and also the fossil evidence (Bradley et al., 2006; Deng et al., 2012 Deng et al., , 2011 .
Conclusions
• The enamel-δ 13 C data indicate that the mid-Pliocene mammalian fauna in the Zanda Basin, like modern herbivores in the area, fed primarily on C 3 vegetation and lived in an environment dominated by C 3 plants. The lack of significant C 4 plants in the basin suggests that the elevation of the area in the mid-Pliocene was higher than 2.5 km.
• The estimated δ
18 O values of paleo-water in the mid-Pliocene Zanda Basin were lower than those of modern surface waters in the basin, most likely indicating a shift in climate to much drier conditions after ∼4-3 Ma.
• The enamel-δ 13 C values also reveal that the average modernequivalent δ 13 C value (i.e., corrected for the change in the δ 13 C of atmospheric CO 2 ) of C 3 biomass at 4.2-3.1 Ma is about 1-2h lower than that of modern C 3 vegetation in the basin, implying that the annual precipitation in the mid-Pliocene was likely ∼200-400 mm higher than today, consistent with a wetter climate as inferred from the enamel-δ 18 O data.
• Paleo-temperatures estimated using two different methods suggest that the Zanda Basin had a warmer climate and was at a similar or slightly lower elevation at 4.2-3.1 Ma than today, consistent with the inference from the δ 13 C data.
